An increasing number of network observatories have been established globally to collect long
N etworks differ in their origins, management structures, and science themes, but they are unified by their efforts to collect integrated data sets that span extensive spatial and/ or temporal scales. Sometimes this promise is realized; sometimes it is not. Regardless, there is enormous potential in using network science to address some of the outstanding questions in biogeochemistry. Many questions in this field could benefit from data that extend beyond traditional single-investigator projects and instead come from networks that produce standardized, long-term, and spatially extensive data streams (Peters et al. 2014) . The potential applications are diverse. For example, investigators have conducted syntheses of aboveground net primary production (ANPP) across a gradient of biomes represented by sites within the Long-Term Ecological Research (LTER) network (Knapp and Smith 2001) . In other cases, modelers have sought to integrate physical and biological data from multiple sources, including networks. Using an Earth system model (ESM) framework to investigate the influence of climate on carbon (C) cycle feedbacks (Bonan et al. 2012) relies not only on single data streams that are standardized within particular networks (e.g., carbon dioxide, CO 2 , fluxes from across AmeriFlux sites) but also integrates compatible data from other sources, such as data repositories (e.g., the TRY leaf database; see Kattge et al. 2011 ) and neighboring network sites (such as foliar nitrogen, N, collected at LTER sites).
Although there are examples of major networks in the United States and beyond that are generating data streams that could help address these and other complex research topics in biogeochemistry, and there have been pleas over the years to align existing and new networks (Bricker and Ruggiero 1998 , Murdoch et al. 2014 , O'Neel et al. 2015 , there remain many barriers to integrating data streams across (or even within) networks. This is a crucial time for funding agencies, organizations that operate networks, and individual researchers to evaluate their investments in this diverse landscape of network science data and infrastructure. Networks that collect biogeochemical data as part of their science focus are at various stages of maturity: The oldest LTER sites have now been in operation for 35 years; the Critical Zone Observatory (CZO) network has expanded since its 2007 inception in the United States (Anderson et al. 2008) , and the idea is spreading internationally (Banwart et al. 2013) ; the newer National Ecological Observatory Network (NEON) is beginning to generate data despite a contraction in scope (Mervis 2015a (Mervis , 2015b (Mervis , 2015c ; and there are many grassroots, collaborative efforts by investigators, Forum such as DroughtNet (http://wp.natsci.colostate.edu/droughtnet). As network science moves forward, we must consider how a few targeted changes could help to maximize the different resources that networks bring, explore ways that their accumulated data can be integrated with other types of studies, and ensure that they are aligned with the scientific priorities of the broader community of researchers, educators, and policymakers.
In this article, we address the challenges associated with accessing and using network data resources for biogeochemical studies. We examine these challenges through examples of ecological synthesis projects integrating data from within a particular network, as well as recent efforts to use suites of observations from a variety of sources-including networksto understand how climate affects above-and belowground C storage using ESMs (see figure 1) . We provide suggestions for improving intra-and internetwork coordination that would maximize the investment in pre-existing networks by US funding agencies and improve the use of network resources by modelers and observational scientists alike.
The diverse landscape of current network resources Networks vary in terms of management and funding structures, degree of standardization, and scalability of measurements. These characteristics influence the ability of data users to quantify ecological trends and answer questions at large spatial and long temporal scales. Several recent papers, such as Peters and colleagues (2014) and Collins and Childers (2014) , explored these characteristics, which we highlight briefly here. For example, long-term research networksincluding the LTER sites, the Long-Term Agricultural Research (LTAR) sites, and the CZO network-are internally coordinated and have individual investigator-driven management structures, as well as site-based instrumentation, methodologies, and measurement suites. This "bottomup" network structure invites investigators to ask targeted, mechanistic, and site-based questions. However, the ability to synthesize data across space and time, although encouraged, is limited because of the lack of funds for coordinated crosssite research efforts, methodological standardization, and, in some cases, spatial and temporal coverage. In contrast, ecological observatory networks, such as NEON, provide a centralized, top-down management structure that facilitates standardized instrumentation, field and laboratory methodologies, and data curation but do not offer the same opportunities for site-specific exploration or experimentation.
A third model falls between these two: Coordinated distributed observations and experiments through networks, such as AmeriFlux and the National Atmospheric Deposition Program (NADP), provide standardized, spatially distributed data via a centralized repository. These entities rely on investments by interested investigators sometimes catalyzed by specific funding mechanisms. They have standardized methodologies and data processing across sites and typically ask a very specific set of research questions. For example, AmeriFlux focuses on understanding terrestrial CO 2 fluxes, whereas NADP provides data on atmospheric deposition. Because these networks rely on commitment from individual investigators, sites may be discontinued if the lead investigator's funding ends or research focus shifts. The Department of Energy has tried to minimize this outcome by funding "core sites" within the AmeriFlux network.
There is increasing investment in other national and international networks outside of the United States. Some examples that are relevant to biogeochemistry include the Global Lake Ecological Observatory Network (GLEON), the International Soil Carbon Network (ISCN), the International Long-Term Ecological Research (ILTER) Network, and FLUXNET. These networks have different challenges associated with coordinating across political boundaries and funding sources, but there are many similarities with the types of US networks outlined above-and many of the same challenges in accessing their data resources. Although we focus here on a subset of US networks, we acknowledge that global-scale questions in biogeochemistry require global-scale participation and investment (Banwart et al. 2013) ; therefore, we make many of our points with attention to this broader scope.
Characteristics of the ideal network
We identify some of the primary characteristics of network science that make it ideally suited for use by the community (figure 2). These characteristics really call for a more specific definition or set of requirements for a collection of sites that is identified as a network. Specifically, we believe that a network is most successful when the majority of its data collection is standardized in its methodologies with repeated measurements taken across space and time. For existing networks, this would primarily be a revision for "bottomup" structures, such as LTER and CZO. The data sets that fall into this category depend on the network's overarching science theme; the measurements chosen for standardization across AmeriFlux's network of eddy covariance towers differ from those that might be chosen for collection within observational plots and stream gaging stations at LTER or CZO sites. For investigators actively working at particular sites within a network, a common standardized set of measurements would be useful to aid studies that extend beyond the scope of a particular investigator's research. Data users conducting cross-site syntheses desire similar standardized measurements. The problems with not having standardized measurements are described in the next section.
We believe that rapid reporting to make results publicly available is increasingly important in network science, not only for the broader community of researchers but also for justifying continued federal support for the network.
Reporting of quality controlled data should be complete with associated metadata (location and time of collection, methodologies used) that are necessary for interpreting the results, as well as connecting them with other data streams from within or outside of a particular network. The need to incentivize rapid reporting of results from existing networks goes across the three types-bottom up, top down, and hybrid-introduced above; largely, it calls for a cultural shift from individuals treating data as proprietary to willingly releasing them into the public domain and coordinated efforts to create data reporting systems that ease the process of publishing data online.
Networks should have the flexibility to incorporate new measurements and investigator-led research. Although this capability is more common in many of the bottom-up networks, it can be challenging in the top-down models. The Nutrient Network's (NutNet) protocol calls for leaving a subset of replicates available for site-specific studies, or additional experiments, whereas an investigator interested in working at a NEON site must work out logistics, permitting, and other arrangements with each of 47 site hosts. However, information gleaned from data on long-term trends-often accomplished through monitoring-is greatest when it directly stimulates further investigations and informs process-based studies. For example, many monitoring efforts have detected increasing export of dissolved organic carbon (DOC) in streams across the Northern Hemisphere over the last two decades (see Driscoll et al. 2003 , Evans et al. 2005 . However, these observations alone were insufficient to pinpoint the factors responsible for this trend, which could include rising atmospheric CO 2 concentrations, climate warming, decreased sulfate deposition, and changing hydrology (Evans et al. 2005 , Porcal et al. 2009 ).
Determining the primary large-scale drivers and local mechanisms leading to increasing stream DOC export is an active area of research. Inspiring further targeted studies across gradients in climate or ecosystem types, for example, should be a key value in collecting long-term data at network sites.
Why do network resources fall short?
There are many examples from observational syntheses and modeling studies in biogeochemistry that demonstrate the current problems with using network data and other resources, summarized in figure 2. Synthesis studies that seek to draw on observations of ecosystem parameters or processes across sites often rely on meta-analysis techniques to deal with incomplete or nonstandardized data sets. Meta-analysis techniques are commonly employed in such instances because the statistical analyses can be tailored to handle the discrepancies. The meta-analysis approach typically involves combining the results of individual studies by converting raw measurements at each site into an effect size, which accounts for differences in variance and/or scale among sites. One disadvantage of metaanalyses is that large effect sizes can result from either large change in mean response or small variances (Rosenberg et al. 2013) . As a result, meta-analyses that employ common effect size metrics, such as the standardized mean difference, allow inference about the direction of a response (e.g., an increase in C fluxes across a gradient of sites) and statistical significance but not the magnitude of change in biologically meaningful units (e.g., change in kilograms of C over time or space). The synthesis study of Clark and colleagues (2007) illustrated many of the problems associated with integrating data sets from across network sites using meta-analysis. They sought to determine ecosystem predictors of plant community production and species richness in response to N additions. The study synthesized data from across 34 experiments conducted in nine herbaceous ecosystems in North America. The investigators reported problems with missing (i.e., not collected) and incomparable (i.e., inconsistent collection and analysis methodologies across sites) data, primarily from LTER sites. In particular, they reported these issues with respect to the soil and biogeochemical parameters. Although they were able to include soil pH in their analysis, it was not available for all sites, let alone experimental plots within sites. They acknowledged that net nitrification rates, soil phosphorus, and soil-water content are important mechanistic predictors of plant community production and species richness, but the data were unavailable. Finally, although Clark and colleagues included net N mineralization data, they acknowledged that they had to integrate results generated from multiple sampling protocols (e.g., field and laboratory soil incubations), which may have affected the accuracy of their results. Because of these issues, they were left with few soil parameters on which to base their conclusions. The problem of assembling comparable soil biogeochemistry data across sites is notorious, because often, there are a range of analytical techniques that could be employed to measure a particular chemical constituent, resulting in data that are operationally defined and often incomparable (Quevauviller 1998) . This problem of diverse protocols persists with biological parameters as well. In their analysis of ANPP across North American biomes, Knapp and Smith (2001) reported that site-based studies used unique methods across all 11 sites included, making direct comparisons difficult. Estimating ANPP has the additional complication of requiring different methods based on vegetation type. However, there is the potential to standardize across biome types. Unfortunately, this potential does not exist with comparing measurements of soil processes or properties. When there is the potential for long-term data sets to be collected of above-or belowground ecosystem properties, it is worth considering that maintaining consistent approaches across space and through time may be better than using one's unique, preferred protocol or trying to incorporate the latest methodologies. With respect to adopting new methods for core (i.e., part of the long-term design) network measurements, it is often better to use outdated methodologies than to have incomplete data sets, because the value of network data is its continuity across space and time.
Carbon-cycle modeling efforts require many different data sets collected at multiple spatial and temporal scales, often from a range of sources (figure 1). The challenges in this research include a dearth of critical ecosystem parameters, as well as limited spatial and temporal coverage in network databases (figure 2). For example, models of aboveground C cycling would benefit from observations such as leaf area index (LAI) and foliar N, which are important for determining surface fluxes and photosynthetic capacity but are not necessarily available from the same ecosystems where eddy flux tower data are collected. Foliar N, in particular, is important for estimating V cmax and J max for the Farquhar photosynthesis model included in many ESMs (Kattge et al. 2009 ). Missing data on these ecosystem parameters from sites co-located with flux towers restricts the use of flux tower network databases for model testing and requires that modelers estimate values on the basis of limited data available from similar-although not co-located-ecosystems, as was discussed in Bonan and colleagues (2014) .
Comparable efforts to model belowground C cycling have come about as recent analyses reveal substantial mismatches between modeled and observed soil C, highlighting the need to resolve major uncertainties in soil organic C stocks and changes over time (see Torn et al. 1997 , Goidts et al. 2009 , Todd-Brown et al. 2013 , Jandl et al. 2014 ). However, data sets that describe belowground properties and processes across meaningful edaphic and climatic gradients are even more difficult to find than those describing aboveground canopy properties (figure 1b). For example, some data on microbial traits that allow for mechanistic representation of soil biogeochemical processes are beginning to emerge (e.g., German et al. 2012 , Frey et al. 2013 , Haggerty et al. 2014 . Incorporating these data into modeling frameworks presents other challenges, because most commonly used models do not explicitly consider microbial activity or physiology (Schmidt et al. 2011 , Wieder et al. 2013 , 2015a . Overcoming the difficulties of aligning disparate data streams from a number of sources (e.g., networks, databases, and individual investigators) is a feature of such modeling studies, especially those geared toward representing biogeochemical processes at broad spatial scales. However, advancement in this and other research areas within biogeochemistry is slowed by not having physically co-located key ecosystem parameters above-and belowground, data resources that are not publicly available or reported with relevant metadata, and decentralized systems for data reporting and access, as we summarize in figure 2.
Finally, it can be very difficult for community researchers to conduct companion studies at or across multiple sites within a network. At NEON, there is continued debate about how to set up observational plots that will sustain at least 30 years of sampling while also fulfilling its requirement to incorporate and facilitate investigator-led projects. Concerns about long-term site management preclude widespread community engagement and the development of new research projects at these sites. Moreover, many of the measurements that NEON is making-especially with respect to terrestrial biogeochemistry-are best categorized as site characterization (e.g., broad soil surveys and periodic measurement of foliar canopy chemistry). NEON's terrestrial design does not include process-based measurements of biogeochemical cycles, with the exception of soil and ecosystem CO 2 fluxes at some locations.
Because measurements of soil biogeochemical transformations, trace gas fluxes, and soil-water transfers and chemistry are challenging to measure in a network context, outside investigators should be encouraged to conduct companion studies at network sites. Their detailed measurements would benefit from the characterization of soils and plant communities that NEON will provide. In turn, outside investigators often bring a deep knowledge of a particular site or ecological community, which is crucial to informing long-term network sampling designs. One opportunity is to initiate investigator-led research on changes to microbially mediated biogeochemical processes across broad gradients (e.g., climate, biomes, atmospheric deposition), which is important for advancing our ability to represent and predict soil C storage (figure 1b; Wieder et al. 2015b) . Such an effort does not need to occur at NEON sites per se but could be conducted using a standardized approach across any of the networks whose sites span such gradients. Promoting community engagement is important for all network types-bottom-up, top-down, and hybrid-and requires both logistical assistance from networks and targeted funding calls.
What do we want from network resources?
There are opportunities to improve usability of network resources for the larger data user community by first making adjustments to the design, operation, and data curation within current network structures (i.e., intranetwork modifications). Summarized in figure 2, these improvements would alleviate many of the issues we have highlighted and bring networks closer to attaining the ideal characteristics. First, for basic, core measurements that are collected across sites within a network, making attempts to standardize the instrumentation or methods of collection and processing (e.g., from soil temperature and moisture sensors to analysis of leaf tissue N content) is crucial. This requires some awareness and flexibility on the part of individual investigators working at those sites, along with the enforcement of guidelines by site leads and funding agencies.
There have been many attempts within networks to identify a common suite of measurements that would be beneficial across sites beyond those related to isolated shortor long-term studies. Periodically, the LTER has visited this issue, resulting in a few methodological guides for the sites (e.g., Robertson et al. 1999, Fahey and Knapp 2007) , but generally, there is not consensus on standardized measurements within the network. Recent efforts within the CZO have explored how sites should be designed for long-term measurement of the critical zone (e.g., Brantley et al. 2015 , Chorover et al. 2015 and discussed suites of measurements across the network for understanding particular aspects of critical zone science, such as microbial communities or biogeochemistry. However, these efforts are only in their initial stages. We do not suggest that networks, especially those with bottom-up structures, eliminate all ability of investigators to innovate or bring new methodologies to sites but rather that intranetwork standardization be a planning topic regularly visited by site leads and considered a target goal for core measurements. In particular, we believe greater attention to standardizing soil analyses is paramount in the near term.
Second, it is important to provide better incentives for investigators to process and make their data publicly available, including digital object identifiers (DOIs) for data sets and other forms of citation/recognition. With respect to the latter, including the publication of data as an essential community service that is part of one's evaluation in tenuretrack faculty or staff-scientist positions would be a means to help shift the culture from treating data as completely proprietary. Data reporting should include the publication of adequate metadata, including the methods of field collection and laboratory analysis, as well as basic sample location and timing information. Apart from the minimum metadata, individual networks may identify other useful fields to include, but they should be done so consistently across all sites within the network using commonly agreed-on terminology and bases for assessment.
Finally, we believe that resources should be allocated to support more studies by individual (or small groups of) investigators within and especially across network sites. These types of studies are encouraged across many of the networks discussed here, but there are limited calls to fund them. Specifically, research that focuses on illuminating particular soil-biogeochemical mechanisms, or changes in the distribution of microbial functional groups in response to climate or other drivers, would help network science (e.g., through community engagement), data users (e.g., C cycle modelers interested in representing microbial processes in ESM frameworks; figure 1b), and broader (i.e., spatial and temporal) understanding of changes to biogeochemical cycles. Realistically, these types of observational studies or manipulative experiments are better carried out by the research community rather than as part of core network sampling designs. NutNet is an example of a coordinated network effort to carry out a cross-site experiment measuring the effects of nutrient additions on plant productivity and diversity. However, the network is specifically designed to conduct this experiment and is focused on one ecosystem type (grasslands).
Coupled to improvements at the scale of individual networks, there are two primary cross-network initiatives that would benefit researchers asking questions in biogeochemistry, as well as other data users in the earth and environmental sciences. The first is a common, standardized suite of measurements across networks. This suggestion takes our assertion that networks should attempt to standardize methodologies when possible a step further. When it comes to defining this suite of measurements, the answer to the question "what do we want from network resources?" is difficult. Do we need consistent characterization of ecosystem properties across space and time? Do we need a new experiment? Do we just need more sites? Not only are ecosystems complex, but as question-driven scientists, the key set of measurements is often based on what is needed to address one's research questions. It is simply not possible to measure everything everywhere all the time. With the exception of NEON, which is designed to have the same suite of measurements across all of its sites, the community of investigators at particular network sites-say, within the LTER or CZO-have driven instrumentation and data-collection choices. Their measurement designs are predominately optimized for the research questions of individual investigators and selected on the basis of site-specific conditions. This organic development has been the norm.
We suggest that across networks, above-to-belowground profiles of properties in the plant canopy through, at minimum, the top 1 meter of soil (i.e., using the standards of the National Resources Conservation Service soil survey; see Schoeneberger et al. 2012 ) be measured at least once every 10 years. These data would be very useful to future observational and modeling studies of terrestrial biogeochemistry (figure 3). Moreover, these above-to-belowground profiles are aligned with the science themes and interests of many networks that seek to explain some aspect of ecological patterns or subsurface architecture and evolution. Parameters measured could include the common canopy chemistry and structure, as well as soil chemical and physical properties summarized in figure 3. These measurements are already underway at operational NEON sites, and we feel that coordinated profile measurements at multiple points across other networks would be useful not only to researchers working within those sites but also to the broader community of data users. Coordinated, distributed networks such as NutNet and AmeriFlux might choose to contribute some fraction of the total profile of measurements but use the same methodologies so that the resulting data could be integrated into a common database and easily incorporated into cross-network analyses. Would such profiles provide answers to all of the outstanding questions in biogeochemistry? Of course not, but the data set would be valuable to the analysis and design of a lot of investigator-led, process-based research. In addition, they have the potential to provide ground-truth for remote sensing data collected across network sites.
Coordinating standardized measurements across networks would not be successful without the third cross-network initiative to increase the usability of data resources: an investment in an online data portal that integrates network data streams with individual-investigator studies. Currently, networks have mandates from their funding agencies to make data publicly available via a data portal developed by and for that network, often at the site level. However, the broad community of data users would benefit greatly from online tools that allow the exploration of data streams from across project types, providing easy access and exploratory capacity (e.g., simple visualization, as well as basic statistical and time-series analyses). With respect to representing C cycle processes in ESMs, including data from experimental (www.dataone.org) and its nodes (e.g., KNB Informatics, https://knb.ecoinformatics.org), as well as Figshare (http:// figshare.com). A common criticism of these databases is that there is a trade-off between ease of uploading by investigators and ease of exploration by users. That is, databases that require time-consuming data-entry procedures by investigators result in highly searchable and easily explored resources for users versus those that simply require submission of a data file that users must figure out how to read and compile with other sources. It is worth funding agencies considering the allocation of resources to reduce these barriers to data reporting, access, and exploration and to encourage the development of a cross-network portal, possibly based at one of the existing open databases. If this portal had the capacity to connect with established databases, incorporate individual investigator-led projects, and citizen-science efforts-no current portal does-it would be an extremely useful resource to data users within and outside of science.
Conclusions
Although we have focused on barriers and potential solutions to using network data in studies of the terrestrial C cycle and biogeochemistry more broadly, this discussion is applicable to many research areas within the earth and environmental sciences. Network data are most powerful when structured to allow for comparisons in space and time. Therefore, network development would ideally focus on balancing the standardization of measurements with the flexibility to adopt new methods and integrate innovative investigator-led research into existing operations and infrastructure, both physically and virtually (i.e., online). Many of the suggestions provided here would require a minimal investment of new funds into network science. Instead, they require organizations operating networks and site leads to give careful consideration to how data will ultimately be used by network affiliates and community data users, as well as attention to standardization and making data publicly available quickly after collection.
